In chronic myeloid leukemia K562 cells, differentiation is also blocked because of low levels of ganglioside GM3, derived by the high expression of sialidase Neu3 active on GM3. In this article, we studied the effects of Neu3 silencing (40-70% and 63-93% decrease in protein content and activity, respectively) in these cells. The effects were as follows: (a) gangliosides GM3, GM1, and sialosylnorhexaosylceramide increased markedly; (b) cell growth and [
Abnormal or deficient capability of differentiation is a common feature of hematological malignancies and solid tumors with poor prognosis. Chronic myeloid leukemia (CML) is a paradigmatic example of cancer where the differentiation process stops, particularly during the last phase. 1 The disease is characterized by distinct clinical phases, and after a benign chronic phase, it progresses to the so-called blast crisis phase in which the myeloid terminal differentiation is precluded. 2 During this stage, the immature leukemic blast cells acquire characteristics of hyperproliferation and apoptosis resistance with minimal signs of maturation and accumulate massively in the bone marrow and subsequently in the blood. 3 The K562 cell line was derived from a CML blast crisis patient, 4 thus reflecting several molecular events of this stage of the disease. K562 cells show an erythromegakaryocytic lineage block, but can be induced to differentiate, in vitro, into either lineage by exposure to various chemical agents. In particular, phorbol esters such as phorbol-12-myristate 13-acetate (PMA) stimulate megakaryocytic differentiation, 5 whereas hemin, hydroxyurea, and Gleevec induce erythroid differentiation. 6, 7 In the context of leukemic cells differentiation, an appealing topic of research is the ability of some gangliosides, sialic acid-containing glycosphingolipids, to promote the process. 8 This is not surprising as gangliosides, which are expressed at the cell surface, are well-known modulators of several signal transduction processes involved in the control of proliferation, differentiation, and oncogenesis in many cellular models. 9, 10 Among gangliosides, GM3 (sialosyllactosylceramide), when added to cell culture media, was proven to induce monocytic differentiation of the human myeloid leukemic cell lines HL-60 and U937 [11] [12] [13] as well as megakaryocytic differentiation of K562 cells. 12 Moreover, a strong increase in GM3 cell content also occurs during the differentiation of K562 cells promoted by PMA. 12, 14 Sialidases (EC 3.2.1.18), which are able to remove sialic acid from gangliosides, are present in mammals as four isoenzymes, Neu1, Neu2, Neu3, and Neu4, coded by distinct genes. 15 Expression of sialidases is deeply modified during malignant transformation, 16 and our previous data have demonstrated their involvement in the pathogenesis of CML. 17 Among the four isoenzymes, Neu3 localizes to the plasma membrane and is characterized by high substrate specificity for ganglioside substrates. 18 Recent studies demonstrated a clear connection between Neu3 and several processes that lead to the cancer phenotype. 19 In effect, a marked increase in Neu3 expression was observed to occur in several human cancers 20, 21 and is a typical feature of K562 cells. 22 Under these conditions and to understand the role of Neu3 in CML pathogenesis, we decreased Neu3 expression in K562 cells by small interference RNA technology and studied the consequent changes in their morphological and biochemical phenotype. Our results demonstrated that silencing of Neu3 caused: (a) changes in the molecular systems that control proliferation and apoptosis; (b) removal of the block of differentiation that characterizes K562 cells with appearance of a megakaryocytic phenotype; (c) establishment of a new ganglioside pattern characterized by a remarkable increment of GM3 associated with the activation of PKC, MAPK, and JNK signaling cascades.
Results
Neu3 silencing in K562 cells. K562 cells were transduced with an shRNA targeting the coding region of Neu3 and inserted in a lentiviral vector to stably silence Neu3 expression. Neu3 gene expression silencing was evaluated by quantifying Neu3 content as protein and catalytic activity. Among four clones selected, Neu3 showed a decrease in protein content in the range of 40-70% (Figure 1a) as well as in catalytic activity in the range of 40-70% toward the artificial substrate methylumbelliferyl-N-acetyl-D-neuraminic acid (MU-NeuAc) (Figure 1b ) and in the range of 63-93% toward ganglioside GD1a, a natural substrate for Neu3 (Figure 1b) . Neu3 silencing was particularly effective in the clone 1 (À70% in protein content and À93% in catalytic activity). This clone, indicated as iNeu3Cl1, was used mostly in this study, but other clones characterized by a lesser silencing degree (iNeu3Cl2: À40% and iNeu3Cl4: À50% in protein content) corroborated the effects observed.
To identify possible countervailing modifications consequent to Neu3 silencing, we checked the expression, as mRNA, of other enzymes involved in the metabolism of gangliosides (lysosomal sialidase Neu1, GD1a, GM1, GM2, and GM3 synthases). Among them, Neu1 showed a 38% increase in iNeu3Cl1 cells and only a 15% increase in the other less silenced clones, instead in GM3 synthase, and a decrease in the range of 40-70% in all the three clones ( Figure 1c) . GM2, GM1, and GD1a synthases were unaffected or modified contradictorily among the clones (Figure 1c ). Neu3 silencing inhibits cell proliferation. Growth curve experiments showed that after 4 days of culture, viable K562 cells were significantly less in Neu3 silencing cells than in control cells, and particularly the iNeu3Cl1 clone grew 56% less than mock cells (Figure 2a) . Also [ 3 H]thymidine incorporation decreased in all the clones, ranging from À47 to À21%, providing a further evidence of a remarkable reduction of cell proliferation rate (Figure 2b) .
Moreover, we ascertained a marked reduction, as mRNAs, of cyclin D2 in iNeu3Cl1 and iNeu3Cl4 cells (À40 and À22%, respectively) but not in less silenced iNeu3Cl2 cells, and a parallel decrease in Myc in all the three clones (À30, À30, and À10%, respectively) ( Figure 2c ). Conversely, cyclin D1 appeared to be uniformly upregulated ( þ 60 to þ 72%) (Figure 2c ), but was probably present in the cell in an inactive state, as its main inhibitor, p21, showed an increased expression at least for the two more silenced clones ( þ 60 to þ 67% ) (Figure 2c ). Cell cycle analysis showed an accumulation in G1 phase ( þ 33%) in all the three clones, in comparison with mock cells (Figure 2d ), demonstrating a G1/S arrest.
Evaluation of apoptotic pathways in Neu3 silencing K562 cells. We assessed the mRNA levels of the proapoptotic proteins Bax and Bad and of the anti-apoptotic proteins Bcl-2 and Bcl-XL. The expression of Bax underwent a 17% increase in all the clones, whereas the expression of Bad showed a 65% increase in iNeu3Cl1 cells and, less markedly, also in iNeu3Cl2 and iNeu3Cl4 cells ( þ 32 and þ 17%, respectively) ( Figure 3a) ; concordantly, the expression of Bcl-2 decreased by 30-40% in all the clones examined (Figure 3b ), indicating a definite higher tendency to apoptosis. Conversely, a marked increase in Bcl-XL expression was observed, in particular in iNeu3Cl1 cells ( þ 55%) but to a lesser extent also in the other clones (Figure 3b ), seemingly representing a last but vigorous attempt to maintain cells alive. Indeed, Neu3 silencing cells did not exhibit clear morphological signs of apoptosis, However, the typical resistance to apoptosis that characterizes K562 cells and generally all CML cells was weakened by Neu3 silencing. In fact, etoposide and staurosporine treatment, a known inducer of apoptosis, 23, 24 had no effects on mock cells (Figure 3 ; c' and c v ), but was effective in all the clones assayed, giving rise to chromatin condensation and cell shrinkage (Figure 3 ; c'', c''', c IV , c VI , c VII , and c VIII ), as revealed by Hoechst 33342 staining. Interestingly, the extent of death events quantified by counting apoptotic cells varied among the clones, according to their Neu3 silencing degree: upon etoposide treatment, 47% iNeu3Cl1, 27% iNeu3Cl2, and 37% iNeu3Cl4 cells died, in comparison with 11% mock cells that died under the same conditions. Upon staurosporine treatment, apoptosis occurred in 52% iNeu3Cl1, 40% iNeu3Cl2, and 45% iNeu3Cl4 cells, in comparison with 23% in mock cells. A significant caspase-3 activation (demonstrated by the presence of the corresponding active fragment) in response to etoposide and staurosporine was recorded in all the clones but not in mock cells (Figure 3d ). The measure of caspase-3 activity confirmed the highest activity in iNeu3Cl1 cells (Figure 3e) . After etoposide or staurosporine treatment, BclXL expression decreased significantly in all the clones (about À40%) (data not shown).
Appearance of megakaryocytic differentiation markers after Neu3 silencing. Neu3 silencing cells, particularly iNeu3Cl1 and iNeu3Cl4 clones, showed a net increase in cell size and a more adhesive cell profile (data not shown), peculiar features of differentiation, more likely toward the megakaryocytic line. Therefore, the presence of some typical markers (as mRNA) of megakaryocytic cells (CD10, CD44, CD41, and CD61) 5 was assessed, by real-time PCR, in all the Neu3 silencing clones, mock cells, and mock K562 cells treated with PMA, known to induce megakaryocytic differentiation. All markers appeared to be markedly increased both in iNeu3Cl1 and iNeu3Cl4 cells and in mock cells treated with PMA ( Figure 4a These findings support the notion that Neu3 silencing triggers a megakaryocytic differentiation program in K562 cells.
Megakaryocytic differentiation triggered by Neu3 silencing evokes the differentiation process induced by PMA. As PMA treatment and Neu3 silencing appeared to induce a similar differentiation process in K562 cells, we decided to also examine the modifications on proliferation and apoptosis resistance in PMA-treated K562 cells.
Regarding proliferation, our data demonstrated a marked upregulation of cyclin D1 ( þ 99.5%) and p21 ( þ 98%), as published earlier, 25 and the parallel downregulation of cyclin D2 (À82%) and Myc (À82%) (Figure 5a ), constituting the possible molecular basis for the diminished proliferation rate subsequent to PMA treatment ( Figure 5b ). In addition, the pattern of apoptotic molecules changed with a marked upregulation of the pro-apoptotic protein Bax ( þ 30%), a downregulation of Bcl-2 (À80%), and a higher expression of Bcl-XL ( Figure 5c ). PMA treatment lessened apoptosis resistance to etoposide and staurosporine as demonstrated by Hoechst staining (37.6% upon etoposide and 86.4% upon staurosporine PMA-treated cells died) and by caspase 3 activation (Figure 5d ), very similar to that observed in Neu3 silencing cells. Interestingly, PMA appeared to involve sialidases and ganglioside enzymes in its action as it partially inhibited Neu3 expression (À50%), stimulating at the same time GM3 synthase ( þ 70%) and Neu1 expression ( þ 80%) (Figure 5e ).
Neu3
silencing activates specific signaling pathways. The signaling pathways PKC, MAPK cascade, and JNK, known to be involved in the megakaryocytic differentiation of K562 cells elicited by PMA treatment, 5 were investigated in Neu3 silencing cells. The expression of PKC was analyzed by western blot in the crude homogenate, in the cytosolic fraction, and in the membrane fraction whereas the expressions of MAPK and JNK were analyzed on the basis of their phosphorylation state, a reliable index of their activity. As shown in Figure 6a , iNeu3Cl1 cells presented, as compared with mock cells, a higher expression of PKC and a higher degree of PKC redistribution from the cytoplasmatic to the membrane fraction, suggesting the occurrence of enzyme activation. The visible recruitment to the plasma membrane of one main and other minor PKC isoforms indicates that more than one PKC isotype was involved. Concomitantly, an increase in the phosphorylated forms of RAF, MEK, ERK1/2, and RSK90 was recorded, indicating the promotion by PKC of the MAPK cascade ( Figure 6b ). Moreover, iNeu3Cl1 cells showed an increase in JNK phosphorylation, and hence activation was also elicited by active PKC (Figure 6c ). Finally, phospholipase b2 (PLC-b2) underwent a remarkable increase ( þ 90%), as protein content, in iNeu3Cl1 cells (Figure 6d ). These events were also confirmed in the iNeu3Cl4 clone (data not shown).
Therefore, the signaling axes PLC-b2, PKC, MAPK and JNK are triggered by Neu3 silencing.
Neu3 silencing promotes major modifications of the glycosphingolipid pattern. To possibly identify a molecular connection between Neu3 silencing and the events illustrated above, we examined the modifications that occurred in sialoglycosphingolipids and sialoglycoproteins after silencing. The sphingolipid pattern was explored through metabolic labeling with H]sphingosine. After a 2 h pulse followed by a 24 h chase, the radioactive sphingolipid pattern observed in untreated K562 cells completely corresponded to that described in these cells, 22 indicating that a condition of metabolic steady state was obtained. The sphingolipid pattern of mock cells was identical to that of the original K562 cells. It can be noted that the radioactivity incorporated in the total ganglioside fraction was the same in mock and Neu3 silencing cells (585 000 and 603 000 d.p.m. per mg protein, respectively), indicating that the major routes Neu3 silencing triggers K562 cell differentiation C Tringali et al of sphingolipid metabolism were normally operative. Instead, the pattern of gangliosides of Neu3 silencing cells was different from that of mock cells (Figure 7a and b) : GM3, GM1, and sialosylnorhexaosylceramide (SnHc) underwent a 46, 75, and 29% increase, respectively; GM2 decreased by 24% and GD1a remained unchanged. The composition of neutral glycolipids also changed (Figure 7c and d) : in particular, lactosylceramide (LacCer) and Gb3 decreased by 30% and ceramide (Cer) increased by 39%, whereas glucosylceramide (GlcCer) and sphingomyelin (SM) remained unmodified. The structure of SnHc was verified by ESI mass spectrometry. These results were confirmed in the iNeu3Cl4 clone, whereas in the iNeu3Cl2 clone, the increase in GM3 was lower (data not shown). In addition, PMA treatment of K562 cells modified the sphingolipid profile with a marked increase in GM3 ( þ 50%), as published earlier, 14 similar to Neu3 silencing (Figure 7a and b) .
Regarding sialoglycoproteins, no significant differences between Neu3 silencing, mock cells, and untreated cells were detected (data not shown).
The increase of ganglioside GM3 caused by Neu3 silencing triggers PKC activation and megakaryocytic differentiation. On the basis of previous reports, 12, 26 we addressed by two experimental strategies the hypothesis that the recorded increase in GM3 after Neu3 silencing in K562 cells could be linked to the appearance of the megakaryocytic phenotype. First, we induced a 'GM3-rich' ganglioside pattern in K562 cells, similar to that of iNeu3Cl1 cells, by treatment with 0.1 mg/ml brefeldin A for 48 h. Because of the Golgi apparatus collapse caused by brefeldin A, the metabolic progression of GM3 toward more glycosylated gangliosides is interrupted by an accumulation of GM3. As expected, this treatment gave rise to a massive increment of GM3 ( þ 81%) with a concomitant diminution of the content of other gangliosides (Figure 8a ). After separation of the cell membrane and cytosolic fractions, we analyzed the distribution of PKC by western blot. Both the membrane-bound and cytosolic forms of PKC increased, particularly the membrane-bound one, indicating a promotion of PKC activation (Figure 8b ). Moreover, cell incubation with brefeldin A caused a PLC-b2 increment ( þ 43%) (Figure 8c) . Despite PKC activation, the treatment did not lead to the expression of megakaryocytic markers, possibly owing to the short time of incubation.
In the second experimental approach, K562 cells were induced to differentiate into megakaryocytes with PMA, but the increase in GM3 was prevented by the simultaneous treatment with 5 mM PPMP (1-phenyl-2-palmitoyl-3-morpholino-1-propanol), an inhibitor of GlcCer synthase. PPMP abrogated both the increase in GM3 (Figure 8d ) and the PMA-mediated appearance of CD41, a marker of ultimate megakaryocytic differentiation (Figure 8e) . Moreover, PPMP decreased the activation of PKC promoted by PMA as well as the activation of ERK1/2 (Figure 8f) . Therefore, precluding the accumulation of GM3, the stimulation with PMA was unable to warrant a complete differentiation program. Overall, these data support the notion that the increase in GM3 is a pivotal and necessary event in K562 cell differentiation toward megakaryocytes.
Discussion
Neu3 is a pivotal enzyme for the extralysosomal desialylation of gangliosides and is known to be involved in several biological processes. 27, 28 Interestingly, Neu3 localizes in the lipid rafts, 27, 28 where it interacts with signal molecules including gangliosides, thus possibly holding a modulator role in trans-membrane signaling. Recent reports supported the importance of Neu3 in the pathogenesis of cancer and pointed at marked upregulation as a typical feature of several tumors. 16, 20, 21, 29 In addition, K562 CML cells express an unusually high activity of Neu3. 22 On these bases and aimed at defining the significance of this feature in K562 cells, we silenced Neu3 expression in these cells and recorded the changes in the subsequent morphological and biochemical phenotype. First, Neu3 silencing markedly modified the systems governing the progression through the cell cycle of K562 cells, reducing their proliferation rate. Cyclin D2 and Myc resulted in marked downregulation, whereas p21 showed a parallel increase determining the occurrence of a block of the cell cycle in the phase G1. Second, the cellular attitude toward apoptosis changed dramatically and the typical resistance to apoptotic stimuli that characterizes leukemic cells was weakened. In fact, Neu3 silencing induced the increment of pro-apoptotic molecules such as Bax and Bad, and a marked decrease in the anti-apoptotic protein Bcl-2. However, when subjected to Neu3 downregulation, K562 cells did not enter spontaneously into the apoptotic program in the same way as other tumor cells 19 subjected to Neu3 inhibition, possibly owing to the concomitant increase in Bcl-XL. However, they became sensitive to death signals conveyed by chemotherapeutical agents such as etoposide and staurosporine, indicating a higher propensity to apoptosis. Third, the most important and unexpected effect of Neu3 silencing in K562 cells is certainly the promotion of the differentiation program toward a megakaryocytic lineage. In other words, the inhibition of Neu3 expression abolished the block of differentiation that characterizes the last phase of CML 1 and shifted leukemic cells from a highly proliferative and multipotent phenotype to a differentiated, likely less aggressive behavior. Therefore, the slowing down of proliferation and the restored sensitivity to apoptosis may be correlated to the differentiation process, and the enigmatic increment of cyclin D1 mRNA, recorded after Neu3 silencing, could be identified as a characteristic feature of megakaryocytic differentiation. 30, 31 Particular emphasis has to be given to the changes we observed on the signaling pathways after Neu3 silencing. A key event subsequent to Neu3 silencing is the activation of PKC, which appears to involve several PKC isotypes and is triggered mainly by PLC-b2. In this concern, preliminary explorations showed that treatment with the PLC inhibitor U73122 did not completely prevent PKC membrane translocation. Therefore, the concomitant existence of other pathways connected to the activation of the so-called 'new PKCs,' which are apart from PLC action cannot be excluded. 5, 32 This possibility is under investigation. Finally, PKC was proved to activate the MAPK cascade through RAF and, more moderately, JNK. The central role of MAPK in the megakaryocytic differentiation of K562 cells induced by PMA is well documented. 33 Summing up, these results demonstrate that Neu3 silencing switches on signaling nets through which the differentiation option is definitely committed to the detriment of a proliferative state. The dependency of Neu3 reduction degree of the effects observed was demonstrated by the employment of clones with different silencing degree: at least a 50% Neu3 inhibition, as protein content, was required to achieve a complete differentiation, even if proliferation and apoptosis resistance were also affected in less silenced clones. The molecular connection between Neu3 silencing and these events has to be searched in the deep reconfiguration of the ganglioside profile consequent to Neu3 inhibition. The block of ganglioside catabolism at the plasma membrane compartment led, principally, to a marked increase in GM3 concentration. GD1a, although being a good substrate for Neu3, in vitro, maintained an unaltered content. We speculate that, in vivo, GD1a is poorly available to Neu3, possibly for a different localization on the plasma membrane. In fact, in mock K562 cells, GD1a is the most abundant ganglioside despite the high activity of Neu3. It should also be noted that Neu3 silencing in K562 cells is accompanied by a series of Neu3 silencing triggers K562 cell differentiation C Tringali et al secondary counterbalancing changes regarding the expression of other enzymes of ganglioside metabolism, such as GM3-synthase and Neu1. As a consequence, other pathways may be run, leading to a higher commitment of LacCer into a synthetic pathway different from the ganglio pathway, explaining for instance the recorded increase in SnHc. This altered sphingolipid metabolism could be involved in the appearance of some pro-apoptotic features discussed earlier in Neu3 silencing K562 cells, determining the decrease in LacCer, which is considered to be connected to an antiapoptotic cancer phenotype 19, 20 and the parallel increase in Cer, which conversely could induce anti-proliferative and proapoptotic responses also targeting Bcl-2 family proteins. 34 However, the notion that the increase in GM3 is functionally the most strategic event caused by Neu3 silencing is reinforced by our observation that treatment of K562 cells with brefeldin A caused a GM3-rich conformation of the membrane and activation of PLC-b2 and PKC. Moreover, GM3 treatment of K562 cells induced the upregulation of cyclin D1 (data not shown), possibly through the ERK1/2-mediated stimulation of its promoter. 35 GM3 content re-modulation is also a feature of PMA-induced megakaryocytic differentiation, which presents several other analogies with Neu3 silencing regarding proliferation and apoptosis. It can be noted that PMA affects ganglioside synthesis pathways but in a different way, as compared with Neu3 silencing, stimulating GM3-synthase, but the final effect, that is GM3 increase, is overlapping.
In this perspective, the high expression of Neu3, which characterizes K562 cells, appears to be a tool to maintain low levels of GM3. This is in line with a series of expedients leukemic cells adopt to escape their normal differentiation destiny in favor of a pluripotent, highly proliferative phenotype. During the submission of this paper, the role of Neu3 in PMA-induced differentiation of K562 cells was demonstrated by Jin et al. 36 using an experimental approach different from ours. This confirms the decisive role played by Neu3 in CML for cell survival and indicates this enzyme as a possible interesting target for developing therapeutic strategies toward differentiation. Ganglioside GD1a was purified from the total ganglioside mixture extracted and purified from the bovine brain. 37 Radioactive GD1a containing erythro-C18-sphingosine, isotopically tritium labeled at position 3 ([3-3 H(Sph18)]GD1a), was prepared according to Sonnino et al. 37 and purified by reversed-phase HPLC (homogeneity over 99%; specific radioactivity, 1.2 Ci/mmol). 38 Cell culture and stable silencing of Neu3 in K562 cells. The human chronic myeloid leukemic cell line K562 was purchased from ECACC (European Collection of Cell Culture-Sigma) and cultured in RPMI 1640 supplemented with 10% (v/v) FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. To induce megakaryocytic differentiation, K562 cells were treated with 20 nM PMA for 5 days. In some experiments, 5 mM PPMP was simultaneously added to suppress GM3 synthesis. The treatment of K562 cells with brefeldin A was performed by adding 0.1 mg/ml brefeldin A to K562 cells in culture for 48 h.
A short hairpin targeting the human Neu3 gene sequence (shNeu3) was designed using the BlockiT RNAi Designer software (Invitrogen Life Technology). Viral particles were formed by transfecting 3 mg of the pLenti4/BLOCK-iT-shNeu3 vector and 9 mg of the packaging vector mix (Invitrogen Life Technology) in 293FT cells through Lipofectamine 2000 Reagent. After 48 h, the culture medium was collected and used for infecting K562 cells (MOI: 5), according to the manufacturer's procedure (Invitrogen Life Technology). Infected clones were isolated after selection with 600 mg/ml Zeocin.
RNA extraction and real-time RT-PCR. Total RNA was isolated from K562 cells using the RNeasy Mini kit (Bio-Rad Laboratories), following the protocol suggested by the manufacturer. Then, 1 mg of RNA was reverse-transcribed employing the iScript cDNA Synthesis Kit (Bio-Rad Laboratories). Briefly, 10 ng of total RNA was used as template for real-time PCR performed using the iCycler thermal cycler (Bio-Rad Laboratories). PCR mixture included 0.2 mM primers (see Table 1 ), 50 mM KCl, 20 mM Tris/HCl, pH 8.4, 0.8 mM dNTPs, 0.7 U iTaq DNA Polymerase, 3 mM MgCl 2 , and SYBR Green (iQ SYBR Green Supermix from Bio-Rad Laboratories) in a final volume of 20 ml. Amplification and real-time data acquisition were performed using the following cycle conditions: initial denaturation at 95 1C for 3 min, followed by 40 cycles of 10 s at 95 1C and 30 s at 58 1C. The fold change in expression of the different genes in Neu3 silencing cells compared with control cells was normalized to the expression of b-actin mRNA and was calculated by the equation 2 ÀDDC t . The primers used for PCR are reported in Table 1 . All reactions were performed in triplicate. The accuracy was monitored by the analysis of the melting curves.
Sialidase activity assay. Mock and Neu3 silencing K562 cells were harvested by centrifugation and resuspended in PBS containing 1 mg/ml pepstatin A, 10 mg/ml aprotinin, and 10 mg/ml leupeptin. The cells were lysed by sonication and centrifuged at 800 Â g for 10 min to eliminate unbroken cells and nuclear components. The supernatant was subsequently centrifuged at 200 000 Â g for 20 min on a TL100 Ultracentrifuge (Beckman, Fullerton, CA, USA) to obtain a cytosolic fraction and a particulate fraction. The sialidase activity present in the particulate aliquot was assayed using [ 3 H]GD1a and 4-MU-NeuAc at pH 3.8 according to Papini et al. 39 One unit of sialidase activity is defined as the amount of enzyme liberating 1 mmol product per min.
Proliferation assays. For proliferation assay, 5 Â 10 4 mock and Neu3 silencing K562 cells were seeded in 24-well culture plates, and viable cells were counted every 24 h with Trypan blue up to 4 days. To assess thymidine incorporation, 1.2 Â 10 6 cells were suspended in RPMI 1640 plus 10% FBS 24 h before the assay. Later, 0.5 mCi/ml [ 3 H]thymidine was added to each well, and after 3 h at 37 1C, the radioactivity incorporated was determined in trichloroacetic insoluble material using a b-Counter (PerkinElmer, Waltham, MA, USA).
Cell apoptosis assay. For Hoechst 33342 staining, 5 Â 10 5 mock, Neu3 silencing, and PMA-treated K562 cells were washed twice with PBS and incubated for 15 min with 10 mg/ml Hoechst 33342 at room temperature in the dark. The cells were then observed using an inverted fluorescence microscope (IX50 Olympus) and photographed; fragmented nuclei were counted.
To check apoptosis resistance, 2 Â 10 6 cells were treated with 20 mM etoposide or 5 mM staurosporine for 24 h harvested, and lysed by sonication. Caspase-3 activation was followed using an antibody recognizing the cleavage fragment of caspase-3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and quantified by the Caspase Glo3/7 kit (Promega, Madison, WI, USA). Neu3 silencing triggers K562 cell differentiation C Tringali et al dissolved in RPMI 1640 medium containing 10% FBS to obtain a final concentration of 3 Â 10 À8 M (corresponding to 0.4 mCi). A total of 2 Â 10 6 mock, Neu3 silencing, and PMA-treated K562 cells were incubated in this medium for a 2 h pulse followed by a 24 h chase, a condition warranting a steady-state metabolic condition. The sphingolipid pattern was determined with the quantification of the individual species by radiochromatoscanning (Betaimager 2000, Biospace, Paris, France), according to Papini et al. 39 The structural characterization of sphingolipids was determined by reversed-phase HPLC-ESI mass spectrometry. ESI mass spectrometry was carried out in negative mode on a ThermoQuest Finningam LCQ deca mass spectrometer equipped with an electrospray ion source. 40 Western blot. Total cytosolic or membrane proteins (25 mg) were separated on 12% SDS-PAGE, and subsequently transferred onto PVDF membrane. b-Actin was used as internal control to ensure equal loading and transfer of proteins. The following antibodies were used for the assays: anti-Neu3 kindly provided by Dr. Miyagi T, anti-b-actin, anti-PKC (Sigma), anti-PLCb2 (Santa Cruz Biotechnology), anti-MEK, anti-phospho-ERK1/2, anti-phospho-MEK, anti-phospho-RAF, antiphospho RSK90 (Cell Signalling, Danvers, MA, USA), anti-JNK, anti-phospho-JNK (Calbiochem, San Diego, CA, USA), anti-RAF (Santa Cruz Biotechnology), anti-ERK1/2 (Zymed, San Francisco, CA, USA), and anti-RSK90 (BD Biosciences).
The densitometric analysis of blots was performed using the Quantity One Software (Bio-Rad Laboratories).
Glycoprotein analysis. A total of 30 mg of proteins derived from the membrane and cytosolic fractions of mock and Neu3 silencing K562 cells were separated on 10% SDS-PAGE and transferred onto a PVDF membrane. Sialoglycoproteins were visualized using the DIG Glycan Differentiation Kit, in accordance with the manufacturer's protocol (Roche Applied Science, Indianapolis, IN, USA). Sialic acid a(2-6) linked was identified using the SNA (Sambucus nigra agglutinin) lectin, whereas sialic acid a(2-3) linked was recognized with the MAA (Maackia amurensis agglutinin) lectin.
Statistical analyses.
Values are presented as means ± S.D. Statistical analyses were performed using Student's t-test comparing mock cells data with each clone's data.
